The content of volatile and semivolatile organic compounds (VOC and SOC), measured as exchangeable dissolved organic carbon (EDOC), was quantified in 9 phytoplanktonic species that spanned 4 orders of magnitude in cell volume, by disrupting the cells and quantifying the gaseous organic carbon released. EDOC content varied 4 orders of magnitude, from 0.0015 to 14.12 pg C cell −1 in the species studied and increased linearly with increasing phytoplankton cell volume following the equation EDOC (pg C cell −1 ) = −2.35 × cellular volume (CV, µm 3 cell −1 ) 0.90 (± 0.3) , with a slope (0.90) not different from 1 indicating a constant increase in volatile carbon as the cell size of phytoplankton increased. The percentage of EDOC relative to total cellular carbon was small but varied 20 fold from 0.28 to 5.17%, and no obvious taxonomic pattern in the content of EDOC was appreciable for the species tested. The cell release rate of EDOC is small compared to the amount of carbon in the cell and difficult to capture. Nonetheless, the results point to a potentialf flux of volatile and semivolatile phytoplankton-derived organic carbon to the atmosphere that has been largely underestimated and deserves further attention in the future.
INTRODUCTION
Recent methodological developments have enabled the measurement of the gaseous fraction of organic carbon dissolved in seawater, referred to as exchangeable dissolved organic carbon (EDOC). EDOC contains a numerous and largely unknown mixture of volatile (VOC) and semivolatile (SOC) organic carbon compounds (Park et al., 2013) . This bulk measurement has drawn the attention to the role of this important, but largely overlooked, pool of carbon in marine ecosystems (Dachs et al., 2005; RuizHalpern et al., 2010) . Thus far, measurements refer to EDOC concentrations and air-sea exchange, and the loads of volatile and semivolatile compounds in marine organisms remain poorly explored.
The volatile and semivolatile organic compounds found in macroalgae and microalgae (Laturnus, 2001; Colomb et al., 2008) can be an important source of these compounds to the ecosystem (Gschwend et al., 1985; Bravo-Linares et al., 2010; Ruiz-Halpern et al., 2010) . Hence, the release of VOC and SOC by marine autotrophs can support significant fluxes to the atmosphere (Sinha et al., 2007) , with potentially important photochemical and climatic effects (Williams, 2004) . Indeed, some of the compounds released by phytoplankton, such as dimethyl sulfide (DMS), are of global relevance, (Van Alstyne, 2008) . However, knowledge of VOC and SOC content of marine autotrophs is limited to specific compounds released by marine primary producers (e.g., organohalogens, isoprenes, alcohols, and DMS) (Giese et al., 1999; Sinha et al., 2007) . Thus, the total pool of EDOC contained in marine primary producers has not been reported as such yet.
The organic carbon content of phytoplankton has been demonstrated in several studies to be closely scaled to cell size, conducive to the development of allometric scaling relationships to predict cellular carbon content from cell size (e.g., Strathmann, 1967; Verity et al., 1992; Menden-Deuer and Lessard, 2000) . These allometric relationships have proven useful to calculate carbon-based biomass from estimates of phytoplankton size and abundance, as well as the carbon flow from phytoplankton of various cell sizes to consumers (Kiørboe, 1993) . However, these scaling laws are based on the assumed total pool since VOC and SOC were not considered in the particulate organic carbon (POC) values used, mostly estimated from dried filtered samples, which do not include VOC and SOC. Yet, reports of size-dependent release of DMS (Keller, 1988) suggest that similar allometric relationships may exist for the cellular content of VOC and SOC in marine microautotrophs.
Here we report the EDOC content of phytoplankton cells and test its hypothesized size-dependence. We do so for nine marine phytoplankton species, from different taxonomic groups. We then assessed the variability in EDOC content with phytoplankton cell size.
MATERIALS AND METHODS
Estimates of cell size and EDOC concentration were measured nine phytoplankton species ( spanned a broad size-spectrum. Additional species e.g., Chlorella marina (Butcher, 1952) , Navicula sp. (Bory de Saint-Vincent, 1822) and Heterocapsa sp. (Stein, 1883) were tested but results could not be obtained because the cells could not be lysed by the mechanical method used, and chemical methods can affect EDOC estimates (see discussion for details). The cultures were grown in triplicate 1L bottles under optimal temperature conditions at 18 • C for most species, 21 • C for Synechococcus sp. (Nageli, 1849) and Prochlorococcus marina (Chisholm et al., 1992) and 5 • C for Melosira nummuloides (Agardh, 1824) , and under continuous light conditions, in a nutrient-rich F/2 medium (Guillard and Ryther, 1962) , except for Prochlorococcus marina, which grew in Pro-99 medium modified from Chisholm et al. (1992) , and Melosira nummuloides, which grew in L1+Si medium following Guillard and Hargraves (1993) . The duration of the experiments varied among the different species depending on population growth rates, as the measurements were performed at the onset of the stationary phase, when species reached their maximum expected cell abundance. Measurements of cell abundance were carried out every 2-3 days until no appreciable change in abundance was recorded. These species were chosen because they encompass a wide variety of taxonomic lineages, and span several orders of magnitude in cell size. Cultures were sampled daily or every 2 days to follow changes in cell abundance. Changes in the abundance of cells for all species, except Melosira nummuloides, were quantified on fresh duplicate 1 ml samples counted in a FACSCalibur Flow Cytometer (Becton Dickinson). An aliquot of a calibrated solution of 1 µm diameter fluorescent beads (Polysciences Inc.) was added to the samples as an internal standard for the quantification of cell concentration. The red, green and orange fluorescence, and forward and side scattering signals of the cells and beads were used to detect different populations and to differentiate them from the fluorescent beads (Marie et al., 2000) . Because Melosira nummuloides forms aggregates of cells, flow cytometry is not a reliable method to properly quantify cell abundance. Thus, changes in the abundance of cells were quantified by using 3.2-µL Fuchs-Rosenthal counting chambers (catalog No. 3720, Hausser Scientific, Horsham, PA) and counted under a light microscope at 100 magnifications (Zeiss Axioplan 2 Imaging transmitted light microscope).
The cell volume of the different species was calculated by approximation to the nearest simple geometric shape (Hillebrand et al., 1999) , from the dimensions of ca. 25 cells for each species measured at × 1000 under a Zeiss Axioplan 2 Imaging transmitted light microscope. The cell diameter of Prochlorococcus marina was estimated in samples analyzed by scanning electron microscopy (SEM, HITACHI S-3400N).
Extraction of EDOC followed immediately once the onset of the stationary phase was reached. Two replicate 400 mL acidcleaned bottles were filled from each triplicate culture bottle. One was immediately processed for EDOC, and used as a blank to measure EDOC concentrations in the culture medium prior to lysing the cells. The second one received 17 g of 0.5 mm glass beads and 16 g of 0.1 mm glass beads, and was subject to intense vibration for 20 min on a high speed (3200 r.p.m) vortex to mechanically lyse the cells. The use of chemicals to lyse cells, such as sodium dodecyl sulfate (SDS) was found to also interfere in the measurement of EDOC. Cell abundance was counted again following this procedure so that the percentage of cells lysed ( Table 1) was calculated from the ratio between the cell abundance measured before and after the vortexing procedure. Immediately after vortexing the sample, EDOC was measured following the procedure described in Ruiz-Halpern et al. (2010) . Briefly, each 400 mL bottle was bubbled with a stream of High purity N 2 gas, with a flow rate of 500-600 mL min −1 , for 8 min, determined to suffice to reach equilibrium. The gas evolved from the cultures, containing EDOC, was equilibrated in 50 mL of an acidified (H 3 PO 4 ) ultra-pure (free of carbon) water trap, to a pH of 2-3. This water was immediately transferred to 10 mL precombusted (4.5 h, 450 • C) glass ampoules and sealed under flame. EDOC was measured in duplicate, for each triplicate bottle, on a Shimadzu TOC-Vcsh (total organic carbon) analyser, with the sparge gas turned off (Spyres et al., 2000) . Certified reference materials (CRMs) of 2 µmol L −1 (Low carbon water, LCW) and 44 µmol L −1 (Deep seawater reference, DSR, provided by D.A Hansell and W. Chen from the University of Miami) were analyzed concurrently with the samples to assess the accuracy of our estimates. LCW was used to remove the instrument's blank and accuracy for the DSR was better than ± 4 µmol.
The EDOC released by the lysed cells was calculated as the difference between EDOC in untreated vs lysed cultures. The EDOC content (pg C cell −1 ) of each species was calculated from the ratio between the EDOC released (pmol C L −1 ) and the concentration (cell L −1 ) of cells lysed by the mechanical treatment, calculated as the difference in cell concentration before and after the mechanical treatment. The cell carbon content of the cultures was calculated using the relationship given in Verity et al. (1992) , between cell volume (µm 3 ) and carbon mass (pg C cell −1 ) with the form 0.433(CV) 0.863 (Verity et al., 1992) , where C is the cellular carbon content, and CV is the measured cell volume.
RESULTS
The percentage of cells lysed by the mechanical treatment in the phytoplankton cultures was 37 ± 6% SE (calculated from Table 1 ). Phaeodactylum sp. (Bohlin, 1897) cells were the most vulnerable (68% cells lysed), while Thalassiosira sp. (Cleve, 1873) had the lowest percentage of cells lysed (11% cells lysed, Table 1 ). The carbon content from cell volume using the equations in Verity et al. (1992) were within the same order of magnitude as values previously reported for the same phytoplankton species ( Table 1) .
The cellular EDOC content varied almost four orders of magnitude across species, from 0.0015 to 14.12 pg C cell-1 (Table 1) , and increased closely with cell size (Figure 1 
(R 2 = 0.86, p < 0.05, n = 9)
where the slope was not significantly different from 1 (t-test, P > 0.05), indicating that the EDOC concentration, per unit cell volume, was independent of cell size. EDOC represented, on average (± SE) 2.04 ± 0.21% of the carbon content of phytoplankton cells (Table 1) , but ranged greatly across species, from 0.28% of the carbon content of Dunallliela sp, the species with the lowest EDOC concentration to 5.17% of the carbon content of Prochlorococcus marina, the species with the highest EDOC concentration ( Table 1) .
DISCUSSION
We provide here the first estimate of the EDOC content of phytoplankton cells, and assess the fraction of cell carbon represented by EDOC. After careful consideration of the different options to disrupt the cell membranes of healthy cells mechanical: vortexing, sonication, chemical: detergents such as sodium dodecyl sulfate (SDS) and following tests with alternative methods (e.g., sonication and SDS), mechanical disruption of the cells was chosen as the method that most effectively lysed cells while avoiding impacts on EDOC. Chemical treatments were found to be inadequate for 2 reasons: (1) they add carbon and as a foaming surfactant could, potentially, contaminate our samples during EDOC extraction, and (2) are very aggressive denaturing agents, possibly affecting the volatility of some compounds. Sonication has previously been used to disrupt cells in yeasts (Borthwick et al., 2005) , but the intense ultrasound waves at which the sample is exposed heats the sample and by cavitation, removes a significant amount of the gases dissolved from the medium (Butler et al., 1994) , rendering this approach invalid for the purpose of measuring the EDOC pool after disruption of the cells. Vortexing the sample was the most appropriate method to obtain EDOC form the cells. However, there are at least two drawbacks that warrant consideration. Firstly, the turbulence created to disrupt the cells may facilitate the escape of some of the EDOC released during cell disruption, as a small headspace is left in the bottle, so that appropriate turbulence and cell-bead friction can be facilitated. Hence, the EDOC measurements provided here should be considered conservative estimates. Secondly, it is not universal, and not all phytoplankton species are disrupted by this method. A small species (Chlorella sp.) as well as the two larger species tested (Heterocapsa sp. and Navicula sp.) yielded virtually no cell breakage after the vortexing treatment, thus, no EDOC release could be calculated. The size differences between the species where vortexing failed, and the variability in the disruption percentage, suggests that other factors relative to the particular characteristics of each individual species affect the efficiency of the vortexing procedure in lysing the cells.
The results presented demonstrate that phytoplankton contain a small, yet quantifiable amount of EDOC that increases linearly with increasing cell size. EDOC was independent of cell size, varying 20-fold across the species tested. The percent cellular C comprised by EDOC averaged 2.04%, however, these percentages should only be taken as first order estimations as two different methods were used to calculated carbon content. Examination of the variability in the percent cellular C comprised by EDOC across species did not reveal any obvious phylogenetic pattern, as similarly high % EDOC values (5.17 to 4.51%) were observed for a cyanobacteria (Prochlorococcus marina), a diatom (Melosira nummuloides) and a Prymnesiophyte [Phaeocystis sp. (Lagerheim, 1896) , Table 1 ], whereas similarly low values (0.48-0.23%) were observed for a dinoflagellate (Amphidinium carterae), a chlorophyte [Dunaliella sp. (Teodoresco, 1905) ], and a cyanobacteria (Synechococcus sp., Table 1 ).
Cell lysis is particularly important in the oligotrophic ocean (Agustí et al., 1998) , and can happen by several mechanisms including cell death, viral infection and zooplankton grazing (Jackson, 1980; Fuhrman, 1999; Strom et al., 1997; Moller, 2005) . This leads to the release of the cellular contents of phytoplankton, delivering volatile and semi-volatile organic compounds. EDOC, which is likely to be composed of low molecular weight compounds, may also transfer through cellular membranes, through gradient driven simple diffusion. Whereas the non-volatile forms of DOC will either be used by bacteria or accumulate in the water column (Strom et al., 1997; Ruiz-Halpern et al., 2011) , the volatile and semi-volatile EDOC forms can also be ventilated, depending on the equilibrium concentrations between the atmosphere and the water surface.
The few published reports suggest a prevalence of a net flux (Dachs et al., 2005; Ruiz-Halpern et al., 2010) , or balance (RuizHalpern et al., 2014) of total volatile and semi-volatile organic carbon from the atmosphere to the ocean. The ocean is, however, a net source of some key volatile compounds, such as DMS, isoprene and halogenated compounds, to the atmosphere (Laturnus, 2001; Sinha et al., 2007) . Thus, a large portion of the EDOC measured in ambient water, or the atmosphere, may have a phytoplanktonic origin. Indeed, cell lysis (induced by cell death, viral infection or grazing) is expected to be a source of volatile and semi-volatile compounds that are specifically produced by marine organisms, such as DMS or cyanobacterial toxins (Dembitsky et al., 2000) , to the atmosphere, while the ocean will receive compounds which are produced by human activity (such as POPs) or are specific of the terrestrial biome (e.g., terpenoids).
Our results suggest that changes in community structure may affect volatile and semi-volatile carbon release from phytoplankton. Indeed, release rates will depend on community structure, cell lysis rates and other potential factors (e.g., nutrient availability). These properties are not, however, independent, as some of the species with high volatile and semi-volatile carbon content, such as Prochlorococcus marina, dominate the oligotrophic ocean where high phytoplankton lysis rates have been reported (Agustí et al., 1998 (Agustí et al., , 2001 . Moreover, mortality rates of phototrophs increase with decreasing cell size (Marbà et al., 2007) suggesting also a major contribution to EDOC release when picophytoplankton communities dominate the water column.
Picophytoplankton, and in particular, Prochlorococcus sp, are particularly sensitive to stressors such as high UV radiation (Llabrés and Agustí, 2006) or pollutants (Echeveste et al., 2010) that induce high mortality on oceanic Prochlorococcus sps. and pico-phytoplankton in general.
The forecasted future warming scenario could potentially benefit the smaller size spectrum of the phytoplankton communities such as Prochlorococcus (Agawin et al., 2000; Moran et al., 2010) . Dominance of small phytoplankton species like Prochlorococcus sps., which contain high fractions of volatile and semivolatile organic compounds, coupled with increased stress due to global change, could result in increased phytoplankton cell mortality and lysis rates, thus, resulting in increased EDOC release rates to the water column and, potentially, to the atmosphere.
The published studies on DMS, VOCs and halogenated compounds, all of which contain carbon, show that phytoplankton release of volatile compounds, although not neglected, have been underestimated due to a focus on individual compounds, rather than bulk pools. Thus, the flux of volatile and semivolatile organic carbon from phytoplankton may be much greater than hitherto believed. Resolving the bulk cellular content of these compounds is a necessary step to assess the potential flux of phytoplankton-derived organic carbon to the surrounding waters, and the atmosphere.
